A systematic quantum mechanical study of the possible conformations, their relative stabilities, vibrational and electronic spectra and thermodynamic parameters of methyl-3-methoxy-2-propenoate has been reported for the electronic ground (S 0 ) and first excited (S 1 ) states using time-dependent and time-independent Density Functional Theory (DFT) and RHF methods in extended basis sets. Detailed studies have been restricted to the E-isomer, which is found to be substantially more stable than the Z-isomer. Four possible conformers c Cc, c Tc, t Cc, t Tc, of which the first two are most stable, have been identified in the S 0 and S 1 states. Electronic excitation to S 1 state is accompanied with a reversal in the relative stability of the c Cc and c Tc conformers and a substantial reduction in the rotational barrier between them, as compared with the S 0 state. Optimized geometries of these conformers in the S 0 and S 1 states are being reported. Based on suitably scaled RHF/6-31G** and DFT/6-311G** calculations, assignments have been provided to the fundamental vibrational bands of both these conformers in terms of frequency, form and intensity of vibrations and potential energy distribution across the symmetry coordinates in the S 0 state. A complete interpretation of the electronic spectra of the conformers has been provided.
Introduction
Conformational and spectroscopic studies on α,β-unsaturated esters have been conducted in the recent past [1] [2] [3] [4] [5] [6] because of technological interest in their polymeric forms in micro-electronics, micro-fabrication and in the understanding of catalytic reactions in enzymes-substrate complex formation. Some such studies on a series of compounds like methyl acrylate [7] , methyl methacrylate [8] , and methyl trans crotonate [9] , which are two rotor systems, having the possibility of rotational isomerism about C-O and C-C single bonds, have been undertaken in this laboratory using spectroscopic and quantum chemical techniques. In contrast to these molecules, methyl-3-methoxy-2-propenoate (MMP) has the possibility of rotational isomerism about three bonds (two C-O and one C-C) and may have a more complex structure. Additionally, it may have E and Z-isomeric forms. Topek et al. [10] , based on equilibration measurements on this molecule concluded that its Eisomer is more stable than the Z-isomer. They have also reported some characteristic IR and UV peaks and other physico-chemical parameters for the molecule. Vsetecka et al. [11] , based on semi-empirical quantum chemical calculations in CNDO/2 approximation, however, contradict the findings of Topek et al. [10] and find the Z-isomer to be more stable than the E-isomer. No detailed study, either experimental or theoretical, seems to have been undertaken in the literature about the conformational and spectroscopic characteristics of methyl -3-methoxy-2-propenoate and its isomers. In order to fill the void in the literature and to remove seeming controversy about its conformation, we have attempted a systematic study of conformational isomerism in methyl -3-methoxy -2-propenoate in the ground and first excited states and an analysis of its vibrational and electronic spectra by quantum mechanical and spectroscopic methods.
Method of calculation
As indicated by our DFT/6-31G and DFT/6-311+G** calculations, the E-isomer of methyl-3-methoxy-2-propenoate (MMP) is more stable than its Z-isomer by ∼ 6 kcal/mol. Detailed conformational studies on MMP were therefore restricted to its E-isomeric form. In order to identify the possible rotational isomers of MMP in the ground (S 0 ) and excited (S 1 ) electronic states, potential energy curves for asymmetric torsion about C 1 -C 2 and C 3 -O 8 bonds (Fig. 1) were obtained for the E-isomer. Our earlier studies on methyl acrylate [7] and methyl trans crotonate [9] , show that the C=O and O-CH 3 groups in the esters have a s-cis orientation. It was, therefore, attempted to find the orientation of the second methoxy group of MMP relative to the C=C bond to which it is connected through C 3 -O 8 bond. Potential energy curves for asymmetric torsion about C 3 -O 8 bond in the S 0 state was obtained by calculating the variation of total energy of the molecule with dihedral angle ϕ(C 1 C 3 O 8 C 13 ) in intervals of 20
• in the range 0 • to 360
• by ab initio SCF calculations using 6-31G basis set. Since two energy minima ( Fig. 2 ) separated by ∼ 2 kcal/mol were observed for ϕ(C 1 C 3 O 8 C 13 ) = 0
• and 180
• , respectively, these dihedral angles were further used for studying rotational isomerism about C 1 -C 2 bond. Potential energy curves for asymmetric rotation about the C 1 -C 2 bond in the S 0 and S 1 states were obtained by RHF/6-31G and RHF/6-31G** calculations using an analogous method by changing the dihedral angle ϕ(C 3 C 1 C 2 O 4 ) in the range 0 • to 360
• and are given in Fig. 3 . The enthalpy difference between the stable conformers in the S 0 and S 1 states are also obtained after complete optimization of their geometries. For the ground electronic state (S 0 ), geometry optimization was conducted at the RHF level using RHF/6-31G**, RHF/6-311+G** and MP2/6-311+G** and by Density Functional Theory (DFT) using basis set 6-311+G**. Becke's three parameter (local, non local, Hartree-Fock) hybrid exchange functionals using Lee-Yang-Parr correlational functions (B3LYP) were used in DFT calculations. Geometries of the stable conformers in the first excited state S 1 were optimized by RHF/6-31G** and RHF/6-311+G**. Frequencies, forms and intensities of vibrational bands of the two most stable conformers c Cc and c Tc of MMP for the S 0 state have been calculated using RHF/6-31G** and DFT/6-311G**. Since the vibrational frequencies calculated by RHF and DFT methods are both known to be higher than the experimental frequencies, the SQM [12] and direct scaling [13] procedures, respectively, were used to scale them down. Electronic transitions and oscillator strengths for the above two conformers of MMP are calculated by using time dependent density functional theory [14] with BLYP functionals and 6-31G basis set. Computer softwares Gaussian 98 [15] and GAMESS [16] have been used for the calculations.
Conformational notations
Three lettered notations are being used for the conformers of methyl-3-methoxy-2-propenoate (MMP) to indicate rotational isomerism about C 3 O 8 , C 1 C 2 and C 2 O 6 single bonds. The first primed small letter c or t , the second capital letter C or T and the third small letter c or t show that the dihedral angles ϕ(
• corresponding to s-cis or s-trans conformations.
Further, rotation of methyl groups about the O 6 -C 9 and O 8 -C 13 may give rise to either eclipsed or staggered conformations relative to the carbonyl and ethylenic groups, respectively. However, since the staggered conformations of methyl groups are found to have lower energy, the same were used in the present calculations.
Results and discussion

Conformational studies
Potential energy curves for rotation about the C 3 -O 8 bond were obtained for the s-cis and s-trans orientations of the ethylenic (C 1 C 3 ) and carbonyl (C 2 O 4 ) bonds, with C 2 O 4 and O 6 C 9 bonds having cis orientation. These are given in Fig. 2 . In either case two potential energy minima were obtained. The s-cis orientation of the methoxy group in each case is more stable than the s-trans orientation by about 2 kcal/mol. In order to gain further insight into molecular structure of MMP, DFT/6-311+G** and RHF/6-311+G** calculations were, therefore, performed on its four possible isomeric forms namely, c Cc, c Tc, t Cc and t Tc. The relative energies of these conformers are given in Table 1 (a). It is seen that they follow the sequence c Cc, c Tc, t Cc and t Tc, in order of decreasing relative stability. Since the first two conformers (c Cc and c Tc) are separated by only about 0.7 kcal/mol, they were subjected to detailed investigations in the S 0 and S 1 states. Potential energy curves for rotation about the C 1 -C 2 bond in the S 0 and S 1 states, with the ester and methoxy groups in s-cis conformation, are given in Fig. 3 . It may be seen that in both these states, the molecule has two potential minima at ϕ(C 3 C 1 C 2 O 4 ) = 0
• . As per our nomenclature these correspond to the c Cc and c Tc conformers, respectively. While in the S 0 state the c Cc conformer is found to be more stable than c Tc, the reverse is the case in the S 1 state. In order to obtain accurate values for the enthalpy difference between the conformers, the molecular geometries were completely optimized by RHF/6-31G**, RHF/6-311+G**, MP2/6-311+G** and DFT/6-311+G** methods in the S 0 state and by RHF/6-31G** and RHF/6-311+G** in the S 1 state. The enthalpy difference between the conformers in the two electronic states is given in Table 1 (b), which also contains ionization potentials of the various conformers. It is seen that while in the S 0 state the c Cc conformer is more stable than c Tc by 0.605 ± 0.134 kcal/mol, in the S 1 state it is the c Tc conformer which is more stable than c Cc by 0.670 ± 0.129 kcal/mol. This reversibility in the stability of the conformers in the ground and excited states is also observed in similar compounds like acrolein [17] and methyl vinyl ketone [18] , where the excited state results from nπ* transition. As will be seen later, in the present case of MMP as well, the first electronic transition is nπ* in nature. The rotational barriers between the conformers of MMP in the S 0 and S 1 states in RHF/6-31G and RHF/6-31G** basis sets are given in Table 1 (b). It follows from this table and Fig. 3 that there is significant decrease in the rotational barriers on excitation from S 0 to S 1 states. It is also apparent from Table 1 (b) that in the S 1 state the c Cc/c Tc isomerism is preferred over c Tc/c Cc because of the higher rotational barrier in the latter case. The reverse is expected in the ground state.
In order to determine the relative stability of the c Cc conformers of the E and Z-isomers of MMP, a relaxed geometry optimization was attempted in the two cases by DFT/6-31G and DFT/6-311+G** and their total energies obtained. The relative energy of the Z-isomer over the E-isomer in the two cases is found to be 5.253 kcal/mol and 6.257 kcal/mol, respectively. The E-isomer is therefore more stable than the Z-isomer by about 6 kcal/mol. Consequently, on the presumption that only two isomeric forms exist for MMP, the relative concentration of the E-isomer may be estimated to be more than 99%. This result supports the findings of Topek et al. [10] based on chemical equilibration method that the concentration of the E-isomer is 99.2%. It also contradicts the conclusion of Vsetecka et al. [11] derived from semi-empirical CNDO/2 calculations that the Z-isomer is more stable than the E-isomer.
The ionization potentials of the c Cc and c Tc conformers of E-isomer of MMP, obtained from RHF and DFT calculations in different basis sets, are given in Table 1 (b).
The DFT values at 7.01 eV and 7.04 eV in the S 0 state are much lower than the corresponding RHF values which fall in narrow range of 9.82 ± 0.14 eV and 9.84 ± 0.13 eV for the c Cc and c Tc conformers, respectively. No experimental data for the ionization potentials seem to have been reported in the literature. However, the RHF values are close to those reported for analogous molecule methyl trans crotonate by HAM/3 calculation (9.82 eV) by Buemi et al. [19] and by RHF calculations (10.22 ± 0.08 eV) by Virdi et al. [9] . No appreciable change is found in the ionization potential of MMP on transition from S 0 to S 1 state.
Optimized geometries
Optimized geometries of the c Cc and c Tc conformers of the E-isomer of methyl-3-methoxy -2-propenoate (MMP) in the ground state (S 0 ) from RHF (without and with MP2 correction) and DFT techniques, using the basis functions 6-31G** and 6-311+G** and the optimized geometries in the excited state (S 1 ) obtained from RHF/6-31G** and RHF/6-311+G** calculations are given in Tables 2 and 3 , respectively. It may be seen from Table 2 that for the S 0 state RHF and DFT methods give comparable geometries and MP2/6-311+G** and DFT/6-311+G** bond lengths and bond angles differ by not more than 0.007Å and 2
• , respectively. A comparison of the S 0 state geometries of identical conformers of MMP and methyl trans crotonate reported by Virdi et al. [9] , shows that the replacement of the methyl group by a methoxy group does not change molecular geometry appreciably.
It is further noted that the change of conformation from the more stable c Cc to less stable c Tc isomer does not appreciably affect the molecular geometry except a few bond angles (Tables 2 and 3) . Thus, DFT results show that on moving from the c Cc to c Tc conformation the bond angles C 2 C 1 C 3 , C 1 C 2 O 6 and C 1 C 3 H 7 increase by 4.02
• , 2.89 (Table 2) . A similar situation is observed in the case of c Tc conformer (Table 3 ). More significant are the changes in bond angles. Thus, in the S 1 state of the c Cc conformer, the angles
5.96
• and 1.27
• , respectively, whereas the angles 
Vibrational analysis
Since the E-isomer of methyl -3-methoxy-2-propenoate (MMP) has been shown to be more abundant than the Z-isomer with a relative concentration of over 99%, a detailed vibrational analysis has been conducted on the basis of the E-isomer alone. Both the c Cc and c Tc conformers of MMP belong to C s point group and its 42 normal vibrational modes span the irreducible representation 27A +15A . Symmetry coordinates corresponding to A and A species are listed in Table 4 . Calculated and scaled vibrational frequencies, infrared intensities and assignments of the fundamental vibrational bands of the c Cc conformer of MMP by RHF/6-31G** and DFT/6-311G** methods are given in Table 5 . Corresponding results for the c Tc conformer are given in Table 6 . These tables also include potential energy distribution (PED) over the symmetry coordinates, which has been used for vibrational assignments. RHF calculations are known to give much higher values for the vibrational frequencies than the experimental values due to the neglect of anharmonicity and correlational effects [13] . DFT methods are known to provide more accurate frequencies as they take into account the correlational effects to a large extent. The vibrational frequencies obtained both from RHF/6-31G** and DFT/6-311G** methods were, therefore, suitably scaled. Baker et al. [13] have suggested certain scaling factors for RHF frequencies. These have been used in the present case with certain modifications based on our experience with unsaturated ester molecules [8, 9] . Thus, scaling factors for single bonded torsion and X-X-X bend (X refers to non-hydrogen atoms) have been taken as 0.905 and 0.912, respectively, as against 0.913 and 0.990 suggested by Baker et al. [13] . In the case of DFT calculations the frequencies have been scaled using the expression:
suggested by Yoshida et al. [20, 21] .
A comparison has been made in Table 5 between the calculated and a few experimental bands reported by Topek et al. [10] in vibrational spectrum of MMP. For the sake of completeness in the assignment of the vibrational bands on the basis of frequencies, forms of vibrations, potential energy distribution and intensity, a comparison has been made with the experimental spectrum of the analogous molecule methyl trans crotonate reported by Dulce et al. [22] for which a complete vibrational analysis has been conducted by Virdi et al. [9] . It is observed that the scaled DFT and RHF frequencies are close and their assignments are identical. As such, we shall refer to DFT calculations in the discussion.
c Cc conformer
The vibrational spectrum of the c Cc conformer of methyl-3-methoxy-2-propenoate (MMP) may be discussed under the following headings, spectral-region wise: 3200-2800 cm −1 region:
As may be seen from Table 5 , the scaled vibrational frequencies in this region, both from DFT and RHF calculations, are close to the experimental bands in the spectra of MMP [10] and methyl trans crotonate [22] . The absorption bands in this region may be assigned to the CH stretch modes. Thus, the calculated bands at 3076 (S 1 , 0.99) and 3059 cm −1 (S 3 , 0.99) may be assigned to C [10] . RHF calculations predict these bands at 1726 and 1644 cm −1 . Based on potential energy distribution, these bands may be assigned to the C=O and C=C stretch modes, respectively. Both the DFT and RHF calculations, however, predict the C=C band to be much stronger in intensity than the C=O band. This is in contrast to the case of methyl trans crotonate where both experimental [22] and theoretical calculations [9] show the C=O band to be stronger than the C=C band. No experimental information is available in the literature regarding the intensities of these bands in MMP. 
1500-1250 cm
and C 3 =C 1 -C 2 bending modes, respectively. It is found that these bands have significant contributions from other bending modes as well and so may not be treated as characteristic bands. While, no experimental peaks have been reported for these vibrational modes in the spectrum of MMP by Topek et al. [10] , the bands at 756, 436, 319 and 133 cm −1 are close to the bands at 723, 453, 328 and 160 cm −1 in the infrared spectrum of methyl trans crotonate, as reported by Dulce et al. [22] . Also, the assignments for these bands of MMP are identical with those of methyl trans crotonate, as reported by Virdi et al. [9] . Vibrational bands corresponding to the torsional modes in MMP have not been reported in the literature. However, on the basis of the present calculations it is possible to predict two vibrational bands at 208 cm 
c Tc conformer
The assignments for the c Tc conformer are identical to those for the c Cc conformer and are given in Table 6 . No appreciable shifts are observed in the position of vibrational bands with the change of conformation except in some bands corresponding to single bond stretch modes C 3 O 8 (S 26 ), C 2 O 6 (S 15 ) and C 1 C 2 (S 20 ) (Table 6 ).
In the case of methyl trans crotonate (MC), Dulce et al. [22] 
Electronic spectral studies
The electronic transition energies and optical oscillator strengths (OOS) of the c Cc and c Tc conformers of MMP have been obtained by time-dependent density functional theory (TDDFT) using BLYP functionals and 6-31G basis set. These are given in Table 7 . In the case of c Cc conformer, calculations predict four electronic transitions at 4.78 eV (0.0003), 5.71 eV (0.4682), 6.18 eV (0.0298) and 6.76 eV (0.0001); the numbers in parentheses are optical oscillator strengths. Based on an analysis of the main configurations and mixing coefficients for the singlet ground and excited states, the weak transitions at 4.78 and 6.76 eV may be assigned to n-π* excitation. The other two transitions at 5.71eV (0.4682) and 6.18 eV (0.0298) may be assigned to π − π* excitations. The high intensity transition at 5.71 eV may be correlated to the experimental band at 5.51 eV (0.6159) in ether solution reported by Winterfeldt et al. [23] . As in case of methyl trans crotonate [9] the first virtual orbital in MMP is also an ethylenic antibonding orbital (π*). The electronic transitions in the c Tc conformer of MMP are close to those of c Cc conformer and may be given the same assignments. (O 6 )CH 3 asymmetric bend S 9 = 2α 10 9 11 − α 11 9 12 − α 10 9 12 10 (O 6 )CH 3 symmetric bend S 10 = α 12 9 11 + α 12 9 10 + α 10 9 11 −α 6 9 10 − α 6 9 11 − α 6 OCH twist (C=C torsion)
O 8 -C 13 torsion S 42 = τ 8 13 *Abbreviations: r, stretching; α, bending; τ , torsion; w, out-of-plane. See Fig.1 for atom numbering. [23] b Experimental value 229 nm (log ε = 4.06) in ether solution [ 23 ] and 227 nm (log ε = 4.26) in ethanol solution [24] from UV spectra Table 7 Electronic transitions, oscillator strength and assignments in c Cc and c Tc conformers of methyl-3-methoxy-2-propenoate. 
